Abstract 25
Chilean Farmed Atlantic salmon (Salmo salar) populations were established with 26 individuals of both European and North American origins. These populations are 27 expected to be highly genetically differentiated due to evolutionary history and poor 28 gene flow between ancestral populations from different continents. The extent and 29 decay of linkage disequilibrium (LD) among single nucleotide polymorphism (SNP) 30 impacts the implementation of genome-wide association studies and genomic selection 31 and provides relevant information about demographic processes of fish populations. We 32 assessed the population structure and characterized the extent and decay of LD in three 33
Chilean commercial populations of Atlantic salmon with North American (NAM), 34 Scottish (SCO) and Norwegian (NOR) origin. A total of 151 animals were genotyped 35 using a 159K SNP Axiom® myDesign TM Genotyping Array. A total of 40K, 113K and 36 136 K SNP markers were used for NAM, SCO and NOR populations, respectively. The 37 principal component analysis explained 86.7% of the genetic diversity between 38 populations, clearly discriminating between populations of North American and 39
European origin, and also between European populations. Admixture analysis showed 40 that the Scottish and North American populations likely come from one ancestral 41 population, while the Norwegian population probably originated from more than one. 42 NAM had the lowest effective size, followed by SCO and NOR. Large differences in 43 the LD decay were observed between populations of North American and European 44 origin. A r 2 threshold of 0.2 was estimated for marker pairs separated by 8,000 Kb, 42 45 and 64 Kb in the NAM, NOR and SCO populations, respectively. In this study we show 46 that this SNP panel can be used to detect association between markers and traits of 47 interests and also to capture high-resolution information for genome-enabled 48 estimated breeding values (GEBVs) in farmed salmon species ; 82 Barría et al., 2018; Ødegård et al., 2014; Tsai et al., 2016; Vallejo et al., 2017; Yoshida 83 et al., 2018) . Furthermore, association mapping through genome wide association 84 studies (GWAs) is a useful approach to detect genomic regions and genes involved in 85 economically important traits for salmon aquaculture and they also rely on LD between 86 the QTL and SNP markers. Thus an adequate SNP density is required to assure that all 87 QTL are in LD with a marker (Flint-Garcia et al., 2003) . 88
In addition, knowing the extent and pattern of LD can be used to help explore different 89 evolutionary forces that may affect certain regions of the genome (Ardlie et al., 2002) . 90
Because it is affected by population growth, genetic drift, admixture or migration, 91 population structure, variable recombination rates and artificial/natural selection LD can 92 be variable among populations and loci (Ardlie et al., 2002) . Different measures of LD 93 between two loci have been proposed, among them the absolute value of D' (also called 94
Lewontin's D') and r 2 are the most widely used. D' = 1, indicates no recombination 95 between loci and complete LD, while values less than 1 indicate that loci have been 96 separated by recombination, but there is no clear interpretation. D' estimations are 97 overestimated in small sample sizes and low frequencies of minor allele, therefore, high 98 values of D' can be obtained even when markers are in linkage equilibrium (Ardlie 99 2002) . Therefore, r 2 , the squared correlation between alleles at two loci, is the most 100 accepted measure for comparing and quantifying LD (Pritchard and Przeworski, 2001 (Prieur et al., 2017) . Moreover, some studies have related patterns 109 of LD with genomic regions subjected to selection in domestic species (Prasad et al., 110 2008) . Recent studies have also aimed at characterizing the levels of LD in farmed 111 aquaculture species, such as rainbow trout (Rexroad and Vallejo, 2009 
Populations and samples 123
The current study is comprised of 151 Atlantic salmon individuals from three different 124 commercial populations cultivated in the South of Chile, that have different 125 geographical origins. These fish were obtained from Chilean farmed populations, which 126 were originated from imported stocks. The Norwegian population was comprised of 71 127 fish belonging to a breeding population derived from the Mowi strain, which was 128 established in the late 1960s using fish from west coast rivers in Norway (NOR), River 129 Bolstad in the Vosso watercourse, River Årøy and Maurangerfjord area (Verspoor et al., 130 2007 ). Ova of this strain were introduced into Ireland from 1982 to 1986 (Norris et al., 131 1999 ) and from there, they were imported to Chile for farming purposes in the 1990´s 132 (Solar, 2009 ). Since 1997 this population has been selected for rapid growth in Chile 133 (Correa et al., 2015 , Yáñez et al., 2013 . A second population of 43 fish of 134 Scottish origin (SCO) was comprised of samples from a strain derived from fish from 135 Loch Lochy, located on the West Coast of Scotland. Fish of this strain are described as a 136 stock with rapid growth potential and a high early maturation grilsing rate (Johnston et 137 al., 2000) . During the 1980´s, eggs from the Scottish population were introduced to 138
Chile to establish an aquaculture broodstock. The third population used in this study 139 was comprised of 37 fish of North American (NAM) origin; belonging to a domestic 140 strain established in the 1950´s, using ova from the Gaspé Bay (Québec, Canada). It is 141 presumed that fish of this strain were transferred and kept at an aquaculture hatchery 142 located in the state of Washington, USA for two generations. The pair-wise LD as r 2 was calculated for each population and within chromosomes 169 using Plink v1.09 using the formula proposed by Hill and Robertson (Hill and 170 Robertson, 1968 ). For each SNP pair, bins of 100kb were created based on pairwise 171 physical distance. The extent and decay of the LD, was visualized by plotting the 172 average r 2 within each bin from 0 up to 10 Mb, using R software (R Core Team, 2016). 173
Quality control was assessed separately for each population. SNPs with minor allele 174 frequency (MAF) lower than 5%, significantly deviated from Hardy-Weinberg 175 Equilibrium (HWE) (p < 1e-6), and a call rate of SNPs lower than 95% were excluded. 176
Samples missing more than 5% of the genotype were also excluded. 
Where Nt is the effective population size t generations ago, ct is the recombination rate t 184 generations ago, r 2 adj is the estimated LD adjusted for sampling bias and a is a 185 constant. Recombination rate was calculated as suggested by Sved (Sved, 1971) : 186
The minimum and maximum distance used between SNPs for Ne estimation was 0 and 188 5 Mb, respectively. Data was grouped in 30 distance bins of 50 Kb each. Finally, Ne 189 was estimated from the r 2 values calculated for the mean distance of each distance bin. 190
The SNP and sample data set used for Ne estimation was the same as previously used 191 for LD estimation. Individuals used in this study were selected having non-common ancestors for three 300 generations back to avoid inflated LD estimations that are likely to occur due to high 301 kinship relationships (Gutierrez et al., 2015) . 302
The results presented here indicate the existence of differential average levels of LD 303 across the genome between these Atlantic salmon populations. Large differences 304 between North American and European populations were expected considering that they 305 belong to two different lineages probably separated by more than 1,000,000 years 306 (Rougemont and Bernatchez, 2018) . The highest level of LD was in the NAM 307 population and could reflect demographic process in its strain formation, as well as 308 demographic events in its wild progenitors. It is well known that North American 309 populations of Atlantic salmon have lower genetic diversity than European populations 310 (Bourret et al., 2013; Makinen et al., 2014) , as migrations probably favored only a few 311 individuals colonizing North America, reducing effective sizes and causing a major 312 effect of genetic drift (Rougemont and Bernatchez, 2018) . Additionally, artificial 313 selection in this population has been stronger than in SCO, which has been undergoing 314 genetic improvement using mass selection. On the other hand, the lowest level of LD 315 found in NOR is consistent with its admixed origin (Norris et al., 1999) , which can be 316 observed in the admixture analysis where two ancestral populations were identified. The 317 NOR population was established using fish from several rivers on the west coast in 318 Norway, which probably favored greater genetic diversity than NAM and SCO, which 319 showed just one ancestral population. Our results suggest that the effect of these demographic features is more extreme in the 330 NAM population, which has the highest level of LD of the three populations analyzed. 331
In general terms, LD varied moderately between chromosomes in the NAM population, 332 suggesting a variation in autosomal recombination rate which could be associated to 333 genetic drift or artificial selection (Arias et al., 2009 ). Using a MAF of 5% could results 334 in biased estimates of population structure, as most structure-like clustering methods 335
were not designed to account for the bias generated by MAF threshold (Guillot and Foll, 336 2009; Linck and Battey 2017). Therefore, our population structure analyses were 337 performed without assessing for minor allele frequency quality control, allowing to 338 include information from rare mutations along the different farmed populations. 339
The lower levels of SNP variability observed in the NAM population was expected, 340 considering that North American salmon populations have lower genetic diversity than 341 It has been suggested that the minimum number cattle needed for accurate LD 351 estimations using r 2 ranges between 55 and 75 individuals, increasing to more than 400 352 for |D'| (Bohmanova et al., 2010; Khatkar et al., 2008) . However, an accurate estimation 353 of LD measured as r 2 , has been obtained in Pacific salmon using 62 individuals (Barria 354 et al., 2018) . Because of the relatively small sample size of each population (71, 43 and 355 37 for the NOR, SCO and NAM populations, respectively), we measured LD decay as 356 r 2 , instead of |D'|. Furthermore, estimates of r 2 are less susceptible to overestimation and 357 are more useful to predict the power of an association mapping (Ardlie et al., 2002; 358 Bohmanova et al., 2010) . Significant linear association has been assessed previously 359 between chromosome length and LD (as r 2 ) in Nellore cattle (Espigolan et al., 2013) . 360
We only found significance between these variables in the NOR population (p < 0.05). The current study reveals different LD decay between three Atlantic salmon farmed 372 populations. The highest extent of LD was estimated for the NAM population, followed 373 by the SCO and NOR populations. A lower level of LD in NOR was consistent with its 374 higher level of admixture and consistent with population history. Specifically, this 375 population comes from a farmed strain established with samples from several rivers in 376
Norway. Therefore, subsequent genetic bottlenecks associated with strain formation 377 have been less severe in comparison with the other two populations used in this study, 378 that were established using fish from only one location. Also, the highest level of LD 379 and lowest NE that was observed in NAM is consistent with the hypothesis that 380 
